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Chapter 13
Kovacs effect and the relation between glasses
and supercooled liquids
F. Aliotta, R. C. Ponterio, F. Saija, and P. V. Giaquinta
Abstract In this note we revisit the Kovacs effect, concerning the way in which
the volume of a glass-forming liquid, which has been driven out of equilibrium,
changes with time while the system evolves towards a metastable state. The theoret-
ical explanation of this phenomenonhas attracted much interest even in recent years,
because of its relation with some subtle aspects of the still elusive nature of the glass
transition. In fact, even if there is a rather general consensus on the fact that what is
experimentally observed on cooling is the dramatic effect produced by the dynam-
ical arrest of slower degrees of freedom over the experimental time scale, it is not
yet clear whether this phenomenology can be justified upon assuming the existence
of an underlying (possibly, high order) phase transition at lower temperatures.
liquids liquids!supercooled supercooled liquids Kovacs effect ortho-terphenyl
13.1 Introduction
Understanding the kinetic and thermodynamic routes followed by a supercooled
liquid while becoming, through viscous slowdown, a glass well below the freez-
ing point still represents a major challenge in the chemical physics of condensed
matter [1, 2]. In fact, in spite of countless efforts on both the theoretical and ex-
perimental sides, many significant questions on the very nature of the glassy state
still remain unanswered. Even if there is a widespread consensus on the thesis that
the experimentally observed glass transition is the macroscopic outcome of relax-
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ation processes which, at low enough temperatures, become much slower than the
experimental observation time, it is not clear yet whether such a slowdown of the dy-
namics of the system can be interpreted, following Kauzmann’s original discussion
on this point [3], as an indication of an underlying, possibly continuous, phase tran-
sition, which would occur below the vitrification point Tg. In addition, it is not clear
whether what appears – on the experimental time scale – as a kinetically arrested
system may eventually transform into a truly metastable state after a sufficiently
long time. However, distinguishing between broken ergodicity and metastability is
not an easy task on the operational side and both laboratory and numerical experi-
ments give ambiguous indications on this point [4, 5, 6, 7, 8, 9, 10].
Moreover, other relevant questions remain open, one of which concerns the sur-
mised existence of a liquid-liquid phase transition which would be undergone by
deeply supercooled metastable water [11, 12, 13, 14, 15, 16] and the very possi-
bility of prolonging the associated coexistence line well below the homogeneous
nucleation temperature, so as to verify whether it eventually merges with the co-
existence line between the experimentally observed low-density and high-density
amorphous phases of water [17, 18].
The focus of this note is on a phenomenon, intimately associated with the glass
transition, that was originally observed and described by Kovacs [19]. This phe-
nomenon gives useful information on the volumetric time evolution of a glass-
forming liquid, which has been originally driven out of equilibrium. The experi-
mental protocol implemented by Kovacs entails three stages: (i) a thermodynami-
cally stable liquid, formerly equilibrated at a temperature Ti, is quenched, at a fixed
pressure, to a temperature Tq, not too far below Tg, in such a way that some internal
degrees of freedom fall out of equilibrium with the thermal bath; (ii) the system is
then left to age for some time, which, however, is not long enough for it to reach a
condition of full thermal equilibrium; (iii) the temperature is finally raised to a value
Tf, intermediate between Ti and Tq. One can then observe the irreversible evolution
of the system as it relaxes from the preset out-of-equilibrium condition at T = Tq
to an asymptotic one of metastable equilibrium at T = Tf. In particular, the way in
which the volume of the sample changes with time exhibits a “memory” effect in
that it is found to depend in a non trivial way on the thermal history of the ma-
terial. In fact, if the final temperature is not too high, the system starts expanding
irreversibly to a volume which, after overshooting the equilibrium value at Tf, fur-
ther increases up to a maximum value that is lower (and reached later) the higher
the quenching temperature Tq. Thereafter, the system progressively contracts until
it regains its equilibrium volume at T = Tf [20]. The nonmonotic behaviour of the
volume and the resulting maximum imply that the values of pressure, temperature,
and volume are not sufficient to identify a unique (nonequilibrium) state of the ma-
terial: in fact, under the conditions outlined above, for assigned values of such three
variables, the system can be actually observed in two different “states”, correspond-
ing to different stages of the dynamical evolution of the material towards metastable
equilibrium.
The Kovacs effect, originally observed in a polymeric substance (polyvinyl ac-
etate), has been observed in a variety of glassy materials. As such, it has been the
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topic of many experimental and theoretical investigations. In more recent times An-
gell and coworkers [21] discussed the phenomenon in the framework of the volu-
metric behaviour of glass formers in nonergodic regimes, with specific reference to
nonlinear relaxation and associated memory effects. Mossa and Sciortino [20] per-
formed molecular dynamics simulations of a model of ortho-terphenyl (OTP) which
revealed some fine details of the dynamics of the phenomenon that are not accessible
to laboratory experiments; they also performed an analysis of the properties of the
potential energy landscapes explored by the system during the relaxation process.
A theoretical interpretation of these results was later attempted by Bouchbinder and
Langer [22], who resorted to a description of the system based on (separable) con-
figurational and kinetic-vibrational subsystems.
The aim of this note is to illustrate a simple macroscopic model which can be
used to describe the dynamic evolution and, correspondingly, the thermodynamic
behaviour of a system along the lines traced by Kovacs with its experimental proto-
col. We shall also discuss the implications of the proposedmodel as to some aspects
of the thermodynamic relation between glasses and metastable liquids.
13.2 Kovacs effect in ortho-terphenyl
As is well known, the glass transition does not occur at a well defined temperature
but, rather, over a range of temperatures across which, depending on the time scale
of the experiment, a number of internal degrees of freedom of the system become de
facto arrested. An indirect measure of the effective number of energetically active
degrees of freedom over the experimental time scale is given by the isobaric specific
heat which, contextually, exhibits a rather sharp drop across Tg. Correspondingly,
cusp discontinuities show up in the thermal behaviour of the extensive parameters.
However, no latent heat is released which implies that the entropy is continuous
across the glass transition.
In the following we shall use OTP as a reference material for our discussion of
the Kovacs effect. Liquid OTP can be easily supercooled below its freezing/melting
temperature (Tm = 329.35 K), down to the glass transition point that is located at
a relatively high temperature (Tg ≈ 247 K). In addition, the glass can be slowly
reheated and restored to the metastable liquid phase; this is possible because the
homogeneous nucleation temperature (TH) of this material is lower than Tg. Chang
and Bestul used adiabatic calorimetry to measure the heat capacities of liquid, glassy
and crystalline OTP at ambient pressure [23]. These data are plotted in Fig. 13.1.
The heat capacities of both liquid and crystalline OTP are found to be nearly linear
functions of the temperature. Moreover, the heat capacity of glassy OTP (T < Tg)
is only slightly higher (1.5%− 2%) than that of the crystal, a difference that is not
resolved on the scale of the plot displayed in Fig. 13.1. As noted above, the glass
transition is signalled by the abrupt drop of the specific heat; correspondingly, a
cusp discontinuity shows up in the molar volume of OTP [25], that is plotted in the
upper panel of Fig. 13.2.
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Fig. 13.1 Isobaric molar specific heat of ortho-terphenyl plotted plotted as a function of the tem-
perature below the freezing/melting point at typical modulation angular frequencies (≈ 10−1 Hz).
Continuous red line: supercooled-liquid branch (linear fit of the experimental data [23]); dash-
dotted red line: linear extrapolation of the supercooled-liquid data below the glass transition point;
continuous blue line: solid branch (linear fit of the experimental data [23]); dashed red line:
crossover between the liquid and glassy branches modelled through Eq. 13.1 and using the re-
laxation time for slow processes displayed in the inset (see text); dotted red line: typical crossover
between the glassy and liquid branches on fast heating the partially aged glass; dash-dotted black
line: specific heat of the glass obtained after quenching the metastable fluid at T = Tg; continuous
black line: effective specific heat of the quenched and partially aged glass with an associated fictive
temperature T˜g < Tg (see text). The vertical black line marks the glass transition point (Tg = 247 K).
When a system, which was formerly at thermodynamic equilibrium, is cooled,
it will start relaxing towards a new equilibrium condition, a process which implies
a redistribution of the internal energy among all the degrees of freedom as well
as a variety of local and global structural rearrangements over distances and times
which can be very long. If the time window of the experimental observation is fixed,
only the motions which take place over shorter times will be able to relax. Instead,
slower motions will appear somewhat frozen in a state corresponding to that of the
system at equilibrium at the initial temperature. Of course, the location of a temporal
“boundary” between frozen and active motions depends on the experimental time
window. This is the reason why the experimental glass transition temperature cannot
be defined in an unambiguous way.
In order to take explicitly into account this crucial aspect, we assumed that the
relaxation of the temperature-dependent molar specific heat of our model system,
as observed in a typical differential scanning calorimetry experiment, can be repre-
sented by the expression [26, 27]:
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Fig. 13.2 Upper panel: molar volume of ortho-terphenyl plotted as a function of the temperature
below the freezing point at ambient pressure. Red continuous line: supercooled liquid; red dash-
dotted line: linear extrapolation of the supercooled-liquid data below the glass transition point;
black continuous line: glass; blue dashed line: molar volume of the stable phase nucleated by
metastable liquid OTP upon spontaneous freezing at adiabatic-isobaric (i.e., isoenthalpic) condi-
tions. The cusp singularity at Tsolid ≈ 280 K marks the boundary between two different outcomes
of the irreversible transition eventually undergone by supercooled liquid OTP: for T > Tsolid the
nucleated phase is a solid-liquid mixture at the freezing/melting temperature Tm, whereas for lower
temperatures the equilibrium phase is a pure crystalline solid whose temperature decreases with
(while still keeping higher than) that of the parent liquid, and whose volume is correspondingly
larger than that of the solid (blue continuous line) at Tm (for more details see [24]). Lower panel:
temperature of the asymptotic metastable phase to which the liquid, originally undercooled to a
temperature T , would relax at isoenthalpic conditions (black continuous line); for graphical con-
venience, we also plot the temperature of the metastable supercooled liquid as a red line – the
dashed part being the linear extrapolation below Tg of the higher-temperature experimental data –
which, by construction, coincides with the first quadrant bisector; the green continuous line (also
expanded in the inset) represents the temperature Teq of the metastable state that would be reached
asymptotically by the glass as calculated through Eq. (13.4) in the text. The two black vertical lines
mark the temperatures Tg and Tsolid, respectively.
CP(T ;ω) = Re
[
C
(c)
P (T )+
C
(l)
P (T )−C
(c)
P (T )
1+ jωτ(T )
]
, (13.1)
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where C
(l)
P (T ) and C
(c)
P (T ) are the isobaric specific heats of the liquid and of the
crystal, respectively, τ(T ) is the (temperature dependent) relaxation time of the one
single slow process which characterizes the kinetics of the model, ω = 2pit−1p is
the reverse of the experimental sampling time tp, and j is the imaginary unit. The
inverse Fourier transformation of Eq. (13.1) leads to the following time dependence
of the isobaric specific heat at a given temperature T [26]:
CP(T ;t) =C
(c)
P (T )+
[
C
(l)
P (T )−C
(c)
P (T )
][
1− e
−
t
τ(T )
]
. (13.2)
The liquid and crystal specific heats show up in the above equations as the long-time
(zero-frequency) and short-time (infinite-frequency) values ofCP(T ), respectively.
To be more realistic one should actually consider a distribution of relaxation
times, whose widths would also depend on the temperature, as well as a more plau-
sible model for the complex susceptibility of the system. However, here we are not
as much interested in reproducing the experimental data for OTP in a detailed and
quantitative way; in fact, we just want to show that the effect originally observed
by Kovacs is the natural outcome of a relaxation process occurring in the system,
even in the oversimplified case in which this process is being parametrized with one
single relaxation time only. As for its dependence on the temperature, we adopted
an Arrhenius-like expression: τ(T ) = τ0 exp(∆E/kBT ), and adjusted the values of
the two free parameters so as to obtain a r ough match with the experimental val-
ues reported for OTP in [10]. We also assumed that the relaxation times of the fast
processes are much shorter than the observation time in the experiment under con-
sideration. The resulting behaviour of the specific heat across the glass transition
region is displayed for a typical angular frequency in Fig. 13.1, whose inset shows
the relaxation time that we plugged into Eq. (13.1).
As already noted, when a system, which has previously attained thermodynamic
equilibrium at a temperature very close to Tg, is rapidly cooled to a lower tempera-
ture, fast motions rapidly equilibrate in the new thermal state, whereas slow motions
remain substantially “frozen” in the configurational state that the system was in at
T = Tg. Hence, we can estimate the “effective” specific heat of the quenched fluid
as:
C
(eff)
P (T )≈C
(c)
P (T )+
[
C
(l)
P (Tg)−C
(c)
P (Tg)
]
, (13.3)
where the term in square brackets on the r.h.s. of Eq. (13.3) is the jump observed
in the specific heat of the system at the glass transition point, which approximately
quantifies the “hidden” contribution to C
(eff)
P (T ) that is not resolved by calorimet-
ric measurements on the time scale of the experiment. The statement embodied in
Eq. (13.3) conveys an information analogous to that which emerges from the ther-
mal behaviour of the molar volume of the vitrified system; in fact, the experimental
data for vg(T ) (see Fig. 13.2) can be reproduced rather accurately by the expression:
vg(T )≈ vc(T )+
[
vl(Tg)− vc(Tg)
]
, (13.4)
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where vl, vg and vc are the molar volumes of supercooled liquid, glass, and crystal,
respectively. Hence, as already noted before [28], a system which has undergone a
dynamical arrest at Tg and which has been then quenched to a lower temperature
Tq can be characterized by two temperatures: the actual quenching temperature and
an auxiliary temperature (Tg) at which the slow motions have de facto arrested over
the experimental time scale. Yet, as time goes on even such slow configurational
degrees of freedom start to relax, gradually driving the system towards a condition
of metastable equilibrium. As far as specific heat and volume are concerned, such
an asymptotic state will correspond to a point on the lines traced upon extrapolating
(with constant slope, at least for moderate amounts of supercooling) the laboratory
data of the liquid branch (see Figs. 13.1 and 13.2). Under adiabatic conditions, this
process towards equilibriumwill necessarily imply a transfer of energy from the fast
motions to the slower ones and, correspondingly, a change of volume. According to
this description, the final temperature (Teq) will fall between the glass transition
temperature and the quenching temperature. In other words, the out-of-equilibrium
glass, obtained through the rapid quenching of the system, will irreversibly relax to-
wards a condition of metastable equilibrium characterized by a higher temperature,
and – at least, in the case of OTP – a higher density. We can calculate such inter-
mediate temperature by noting that, under the postulated adiabatic conditions, the
enthalpies of the initial and final “states” should be equal, i.e., H(eff)(Tq) =H
(l)(Teq);
hence, it follows that: ∫ Tm
Tq
C
(eff)
P (T )dT =
∫ Tm
Teq
C
(l)
P (T )dT , (13.5)
where the melting/freezing temperature Tm has been assumed as a common refer-
ence temperature for evaluating the enthalpy changes of the system along two paths
starting from the unrelaxed and relaxed state, respectively. Obviously, the result-
ing final equilibrium temperature Teq is a function of the temperature Tq at which
the system had been previously quenched. As seen in the lower panel of Fig. 13.2,
the system undergoes a moderate heating upon irreversibly relaxing to a metastable
condition.
We shall now explore what happens if the system is allowed to exchange energy
with an external thermostatic reservoir, which brings us into the conditions of the
experiment performed by Kovacs. We consider it useful to carry out our concep-
tual experiment using two different protocols, the second of which complies more
closely with Kovacs’ indications.
We first assume that liquid OTP has been equilibrated down to the ordinary vit-
rification threshold. We then imagine to cool rapidly the system from Tg = 247 K
to a lower temperature, say Tq = 198.5K. As a result, the system contracts and
its molar volume decreases to the value v
(A)
g , corresponding to point A on the line
vg(T ) displayed in Fig. 13.3. Let the system now exchange energy with the thermal
reservoir at the quenching temperature for a time (taging) long enough for its con-
figurational state to change, but nevertheless shorter for the system to reach equi-
librium. In order to keep temperatures within a range compatible with the avail-
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Fig. 13.3 Modified Kovacs’ protocol (see text): the sample is equilibrated at Tg and then rapidly
cooled down to 198.5 K: the continuous red line is the supercooled liquid line (linearly extrapolated
below Tg); the dashed black line represents the molar volume under the above condition and the
solid black circle labelled A marks the molar volume attained by the system after quenching; the
solid black circle labelled B represents the molar volume achieved by the partially aged system.
The continuous black line represents the glass branch that would be followed by the system with a
fictive temperature corresponding to the intersection point with the liquid branch. Experiment #1:
the sample at B is rapidly heated to 240 K; the blue circles and the blue arrow indicate the time
evolution of the molar volume. The blue continuous line represents the glass branch with fictive
temperature T˜ = 240 K. Experiment #2: the sample at B is rapidly heated to 220 K; the green
circles and the green arrow indicate the time evolution of the molar volume. The green continuous
line represents the glass branch with fictive temperature T˜ = 220 K.
able experimental data for OTP, we chose taging = 10
7 s. While relaxing at constant
pressure, the system contracts further. Correspondingly, the isobaric specific heat
changes according to Eq. (13.2). After the prescribed time has elapsed, the iso-
baric specific heat, calculated through Eq. (13.2), has attained the (larger) value
CP(Tq;taging) = 295.8Jmol
−1K−1. Following the same line of thought illustrated
before on discussing Eq. (13.3), we can infer the “fictive” temperature (T˜g) at which
the system would have effectively deviated from the metastable-liquid branch, had
it been cooled at a slower rate than that leading to vitrification at 247 K. Coherently
with the assumption underlying Eq. (13.3), we write:
CP(Tq;taging)≈C
(c)
P (Tq)+
[
C
(l)
P (T˜g)−C
(c)
P (T˜g)
]
. (13.6)
Equation (13.6) allows us to determine the fictive temperature (T˜g ≈ 230 K) at which
the liquid-to-solid jump of the isobaric specific heat is such that the value derived
from Eq. (13.6) is equal to that provided by Eq. (13.2) for T = Tq and t = taging.
Note that, for temperatures lower than Tg, the specific heat of the metastable liquid
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used in Eq. (13.6) was estimated through a linear extrapolation of the experimental
data. The state of this partially relaxed glass – whose volume, after quenching and
aging, has so far dropped to the value v
(B)
g (corresponding to point B in Fig. 13.3) –
is equivalent to that which would be produced upon rapidly cooling a liquid whose
slow dynamics has arrested at 230 K (instead than at 247 K). This latter statement
is crucial for explaining the outcome of Kovacs’ experiment, whose third and final
stage consists in heating the system to a temperature Tf, intermediate between Tq and
Tg. In fact, we imagine that, as soon as the time t = taging has elapsed, the system is
immediately coupled with another thermostat whose temperature is Tf and then left
free to relax until (metastable) equilibrium has been eventually reached.
We shall now investigate the dynamical behaviour of the system, with specific re-
gard to the way in which the volume changes with time, when partially aged glassy
OTP is heated to different temperatures from similarly prepared samples (i.e., sam-
ples quenched to the same temperature and aged for the same time). In this way, the
outcome of the heating procedure will not be influenced by differing initial condi-
tions of the material. In fact, the states of, say, equally aged samples are generally
different at different quenching temperatures because the relaxation times of the
system depend on the temperature.
We start inspecting the volumetric behaviour of the system when the final tem-
perature is higher than the fictive temperature T˜g, while being lower than Tg (see
Fig. 13.3). Let us choose Tf = 240 K. In the short-time regime, only the fast degrees
of freedom of the system react to the modified thermal condition; hence, the volume
starts increasing from the value v
(B)
g , closely following, as the system warms up,
the glass line vg(T ; T˜g) that intercepts the supercooled-liquid branch at T = T˜g. As
soon as the system approaches and eventually surpasses the vitrification threshold,
the slower configurational degrees of freedom start relaxing as well. As a result, the
volume keeps growing monotonically, while departing from the glass line, until the
system has eventually equilibrated at the prescribed temperature.
Let us now set the final temperature, at which the system – previously prepared
in the same initial state B as in the thought experiment discussed above – is to be
heated, to a value lower than T˜g, say Tf = 220 K: in such conditions (see Fig. 13.3),
the molar volume of the partially-aged glass at Tf turns out to be larger than the
molar volume of the metastable liquid (extrapolated) at T = 220 K. Hence, even
in this case we would again observe an expansion of the system at short times:
the volume would initially increase following the glass line which departs from the
metastable branch at the fictive temperature calculated above. However, as soon
as the slow configurational degrees of freedom become active, the molar volume
would start shrinking, after the initial rise, so as to approach the lower value which
corresponds to the asymptotic equilibrium state at the prescribed final temperature.
Hence, in this second thought experiment the molar volume will exhibit a non-
monotonic time behaviour. The resulting maximum is the distinguishing feature that
was originally observed by Kovacs [19]. In the present scheme, as is manifest from
Fig. 13.3, on approaching the equilibrium value the volume passes through a max-
imum only if the final temperature at which the system is heated is lower than the
fictive temperature T˜g. Moreover, the difference between the maximum value at-
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tained by the molar volume and the asymptotic equilibrium value turns out to be
larger the larger the difference (T˜g−Tf).
The experimental protocol discussed above partially differs from that originally
designed by Kovacs. In fact, this author reported on the time behaviour of the vol-
ume of a system which was heated to one single temperature Tf ≤ Tg from several
lower temperatures at which the system had been previously cooled from the same
equilibrium state at a temperature Ti ≥ Tg. Before heating the system, the quenched
liquid was left to age for a variable timespan: the lower the quenching temperature
was, the longer the aging time would be.
In order to “simulate” Kovacs’ protocol, we proceed as before, assuming that the
system has been cooled from Tg to a temperature Tq in the range 190K− 210 K.
The just formed glass is then allowed to relax but for not so long that it may reach
equilibrium, say for a time of the order of 107 s. Correspondingly, the volume of
the aged glass decreases from the value attained soon after quenching, whereas the
specific heat increases. Using Eq. (13.2), we calculate the value of the specific heat
pertaining to this new state, i.e., CP(Tq;taging), which, through Eq. (13.6), allows us
to infer the fictive temperature T˜g. Once we know this datum, we can calculate the
value of the molar volume of the partially aged glass which, in our picture, will
be equal to the molar volume at T = Tq of a glass whose dynamics has arrested at
T = T˜g.
We now imagine to put the system in contact with a thermostat at the (higher)
temperature Tf = 230 K; such a re-heating cycle is repeated a number of times, with
the same target temperature but starting from different quenching temperatures in
the cited range. In a rather short time (let us say, largely overestimating it, 10 s),
fast motions will have fully relaxed whereas the slow degrees of freedom are still
frozen. As soon as fast relaxations have occurred, both the specific heat and the mo-
lar volume of the glass have contextually increased to the values which correspond
to the higher temperature T = Tf on the glass line, departing from the metastable liq-
uid branch at T = T˜g. We now use Eq. (13.6), where C
(c)
P has been substituted with
CP(Tq;taging), to estimate the value attained by the specific heat once the system has
been left free to relax for other 10 s. Following the same procedure outlined above,
we then calculate the new fictive temperature corresponding to the updated value of
the specific heat at t = 20 s, and the resulting value of the molar volume. Upon iter-
ating this procedure, we can trace, with steps of 10 s each, the time evolution of the
molar volume of glassy OTP when it has been heated to Tf from different quenching
temperatures.
The results predicted by our simplified model are shown in Fig. 13.4 and show
that, coherently with what has been observed in both real and numerical experi-
ments [19, 20], the molar volume of quenched OTP reaches its asymptotic equilib-
rium value vl(Tf) either rising monotonically from the value of the partially aged
glass or passing through a maximum at intermediate times, after having initially
overshooted vl(Tf). In the present scheme the occurrence of one or the other alter-
native behaviour critically depends on whether the final temperature Tf is higher or
lower than the temperature TX at which the extrapolated supercooled-liquid line and
the effective glass line, onto which the representative state of the glass has “shifted”
13 Kovacs effect and the relation between glasses and supercooled liquids 13
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Fig. 13.4 Time evolution of the molar volume according to Kovacs’ protocol: the system equili-
brated at Tg is rapidly cooled to a temperature Tq in the range 190K−210K and then aged for 10
7 s.
After aging, the system is rapidly heated to 230 K and then left free to relax to thermal equilibrium.
after the initial aging, cross each other. In both scenarios, the molar volume of the
heated glass will initially jump to a value larger than its initial value after quenching
and aging. However, if Tf > TX the specific heat of the rapidly heated glass initially
overshoots the value corresponding to the metastable liquid at the same temperature;
from there on, the specific heat will decrease with time and this implies a gradual
increase of the fictive glass temperature that is calculated at each step and, contex-
tually, of the molar volume of the system. On the other side, if Tf < TX the specific
heat attains a value that is smaller than that corresponding to the metastable liquid at
the same final temperature; hence, it will keep on growing with time, which implies
that the fictive glass temperature decreases as also does the molar volume.
Following the above discussion we can also interpret other aspects of the glass
phenomenology. Imagine, for instance, that we perform a differential scanning
calorimetry measurement on a glass which has been previously aged at low tem-
peratures, in such a way that the rate at which the temperature is being changed
corresponds to the time scale over which slow motions relax at T = Tg. Because
of the aging, slow motions are initially equilibrated at a fictive temperature lower
than Tg. Hence, when the temperature approaches Tg, an excess of heat from the
bath (with respect to the enthalpy reduction originally undergone by the material
upon quenching) is required to fully equilibrate the system, thus producing the “en-
dothermic overshoot” that is typically observed in the temperature evolution of the
isobaric specific heat.
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13.3 Concluding remarks
In this note we have revisited the Kovacs effect in a simplified picture of the re-
laxation dynamics underpinning the glass transition. In particular, we have assumed
that the time dependence of the isobaric specific heat can be mimicked using just
one relaxation time and that fast motions have fully and systematically relaxed over
the time step of our calculations. Notwithstanding such rough approximations, the
resulting model is found to reproduce correctly, on a qualitative basis, the main fea-
tures of Kovacs’ experiment and to convey some useful insight on the phenomenol-
ogy of the glass transition.
Our analysis is based on the premise that the glass obtained through the rapid
cooling of a supercooled liquid is an out-of-equilibrium system which, however,
may asymptotically evolve towards a metastable phase provided it is given enough
time to relax. We assume that such a metastable phase cannot be distinguished from
that of the “parent” supercooled liquid at a given temperature. The relaxation pro-
cess undergone by the glass, named “aging”, is associated with a gradual change
of the molar volume and, correspondingly, of the structural configuration of the
material. In this perspective, distinguishing a long-aged glass from a metastable liq-
uid may reduce to a merely semantic question, with obvious consequences on the
hypothesis of an underlying (thermodynamic) glass transition. In fact, the appar-
ent differences between the two structural conditions of the material emerge at the
crossover temperature at which the experimental time scale becomes shorter than
the configurational relaxation time of the system.
However, the postulated equivalence between the asymptotically “equilibrated”
glass and the corresponding metastable liquid may be disproved by the existence
of a threshold below which the nucleation of the stable crystalline phase can no
longer be avoided. In this respect, a candidate threshold would be the Kauzmann
temperature [3] at which the entropies of the metastable liquid and of the thermo-
dynamically stable crystalline solid become equal. However, it has been argued that
the hypothetical coexistence of a liquid and a solid phase would not be possible at
a temperature lower than the equilibrium coexistence temperature [29, 24]. In fact,
whenever a supercooled liquid escapes from metastability and freezes, it does so
irreversibly and adiabatically with an increase of both entropy and temperature as a
consequence of the release of heat. As a result, the transition towards stable equilib-
rium takes place exothermically and the system warms up while solidifying. Hence,
it does not make much sense to compare the entropies of the two phases at the same
temperature.
The spontaneous freezing of a a metastable liquid is also associated with a change
of volume. The spontaneous formation of a finite solid embryo produces a rela-
tively large density fluctuation which propagates at low frequency, while dissipat-
ing, across the whole sample [30]. This also explains why metastable equilibrium
is a robust structural condition against fluctuations: even when a thermodynamic
fluctuation brings, locally, the system close to the boundary between the metastable
and stable equilibrium basins in phase space, dissipative processes are able to back
reflect the system trajectory towards the metastable basin.
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On cooling, a crossover temperature can be eventually reached at which the vol-
ume of the metastable system is equal to the volume of the stable phase that is
formed under adiabatic conditions [24]. This is what happens to OTP, as indicated
in the upper panel of Fig. 13.2. At such a temperature, the structural re-arrangement
which drives the system towards the stable configuration is just a local process which
does not need to propagate in order to be completed. In such conditions, local fluc-
tuations are not dissipated away and the local transition, which results in a local in-
crease of the temperature, immediately produces a further fluctuation in the adjacent
volumes which can propagate rapidly (over a time scale comparable with the time
required for the local rearrangement of a few molecules) across the whole sample.
This argument is a different way for saying that, at that temperature, the energetic
barrier between metastable and stable equilibrium conditions likely disappears. In
this perspective, the observation that in water the volume crossover takes place at
a temperature that, at normal pressure, is very close to the widely accepted value
of the homogeneous nucleation temperature may not be a mere coincidence [24].
In water, this temperature is definitely higher than the experimental glass-transition
temperature and this can explain why metastable liquid water cannot exist at tem-
peratures close to Tg.
Following our argumentation, one would be led to deduce that the existence in
water of a crossover temperature at which the transition between the metastable
liquid phase and the stable crystalline phase becomes both adiabatic and isochoric
strongly supports the idea that any observed amorphous phase observed at very low
temperature, which may well appear stable over the observation time scale, has no
thermodynamic counterpart and can only be described in kinetic terms. On the con-
trary, in the case of OTP the volume crossover occurs at a temperature lower than
the experimental Tg. Such a difference in the behaviour of glass-forming liquids
as far as the relation between Tg and the homogeneous nucleation temperature is
concerned, has been already noted several years ago [31].
Summing up, the nature of the glass obtained when a liquid is rapidly cooled to
low temperatures, over times shorter than those required for a complete structural re-
arrangement of the system, depends on the relation existing between the state which
has been produced and the metastability basin of the system. For moderate super-
coolings, the achieved state is not disconnected from the basin of the metastable
liquid phase: hence, the glass, while being out of equilibrium, might still evolve, in
principle, towardsmetastability. However, when quenched at very low temperatures,
the system may be driven to a state which is no longer accessible from a metastable
disordered phase. In such conditions, should it be able to rearrange itself, its unique,
ultimate fate would be that of transforming into a stable solid.
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